Skeletal muscle fibers are defined by patterned covariation of key traits that determine contractile and metabolic characteristics. Although the functional properties of most skeletal muscles result from their proportional content of a few conserved muscle fiber types, some, typically craniofacial, muscles exhibit fiber types that appear to lie outside the common phenotypic range. We analyzed gene expression profiles of three putative muscle classes, limb, masticatory, and extraocular muscle (EOM), in adult mice by high-density oligonucleotide arrays. Pairwise comparisons using conservative acceptance criteria identified expression differences in 287 genes between EOM and limb and͞or masticatory muscles. Use of significance analysis of microarrays methodology identified up to 400 genes as having an EOM-specific expression pattern. Genes differentially expressed in EOM reflect key aspects of muscle biology, including transcriptional regulation, sarcomeric organization, excitation-contraction coupling, intermediary metabolism, and immune response. These patterned differences in gene expression define EOM as a distinct muscle class and may explain the unique response of these muscles in neuromuscular diseases.
C
olor has been a simple, yet accurate and durable, means of characterizing skeletal muscle (1) . Despite an evolving understanding of cellular and molecular mechanisms that govern contraction speed and metabolic properties, features at the core of fiber typing, the long-standing tripartite red (type I), intermediate (type IIA), and white (IIB) muscle fiber classification scheme (2, 3) remains a central concept in muscle biology. Muscle properties are a direct consequence of fiber type composition, with type I and IIA predominance in red muscles (e.g., soleus) and type IIB predominance in white muscles (e.g., gastrocnemius). The conceptual framework provided by traditional fiber type classifications has proven invaluable for the study of developmental regulatory mechanisms, myofiber structure-function correlations, and muscle response to neuro-or myopathic disease.
Conservation of skeletal myofiber types is a consequence of shared somitic origin, a conserved program of myogenic signal transduction and transcriptional mechanisms, and the trophic influence of only a few, stereotypical motoneuron activity patterns (4, 5) . By contrast, some fiber types in specialized craniofacial muscles may lie outside the traditional phenotypic range. The tissue-specific myosin in carnivore muscles of mastication was the basis for the concept of two major skeletal muscle classes, or allotypes-masticatory and limb (6) . Extraocular muscle (EOM) was proposed to be a third allotype, also on the basis of myosin expression. Whether there are broader gene expression differences behind muscle allotypes is unknown.
EOM differs from the skeletal muscle stereotype (7, 8) . In mammals, only EOM does not fit accepted myofiber classification schemes (7) . Adult EOM expresses most known striated muscle myosin isoforms (including EOM-specific and developmental), myofiber myosin expression is heterogeneous, and Ϸ20% of EOM fibers are multiply innervated. These observations, plus the differential responses of EOM in a wide variety of neuromuscular diseases (8) (9) (10) (11) (12) (13) , strongly support the idea that it is unique among skeletal muscles.
We hypothesized that the existence of distinct muscle classes should be broadly reflected at the mRNA level. This question was addressed by using high-density oligonucleotide microarrays for expression profiling of murine EOM, jaw, and leg muscles. Here, we report substantial expression differences in gene categories of central importance to skeletal muscle biology and establish the novel molecular signature of EOM.
Materials and Methods
Animals. Eight-week-old male C57BL͞10SnJ mice (The Jackson Laboratory) were killed with CO 2 , and EOM, masseter, and gastrocnemius͞soleus muscles were collected to represent the three putative muscle allotypes. To minimize interanimal variability, muscles from 10 mice were pooled into a single sample͞ muscle group. A total of 40 mice provided replicate samples of EOM (n ϭ 4), leg (n ϭ 4), and jaw (n ϭ 3) muscle.
Expression Profiling by DNA Microarray. Total RNA was extracted by using Trizol (GIBCO͞BRL). RNA pellets were resuspended at 1 g RNA͞l diethyl pyrocarbonate-treated water. Total RNA was processed for use on Affymetrix (Santa Clara, CA) murine U74A arrays, according to the manufacturer's protocol. Briefly, 8 g of total RNA was used in a reverse transcription reaction (SuperScript II; Life Technologies, Rockville, MD) to generate first-strand cDNA. After second-strand synthesis, double-strand cDNA was used in an in vitro transcription (IVT) reaction to generate biotinylated cRNA. After purification and fragmentation, 15 g of cRNA was used in a 300-l hybridization mixture containing spiked IVT controls. Approximately 200 l of mixture was hybridized on chips for 16 h at 45°C. Standard posthybridization wash and double-stain protocols used an Affymetrix GeneChip Fluidics Station 400. Arrays were scanned by using a Hewlett-Packard Gene Array scanner.
Data Analysis Using Affymetrix Software. DNA microarray data analysis used Affymetrix MICROARRAY SUITE (version 4.0) and MINING TOOL (version 1.2). These generated an increase͞no change͞decrease difference call and a fold change value for each probe set. Only difference calls consistent across all replicates (4͞4 in EOM vs. leg; 3͞3 in EOM vs. jaw and jaw vs. leg) were analyzed further; then only average changes Ն 2-fold were considered significant. At the time of this writing, Affymetrix announced that 2,611 probe sets arrayed on the MG-U74A chip were based on incorrect GenBank sequences. These GenBank sequences were excluded from the analysis, resulting in a net of 9,977 interrogated genes͞chip.
Data Analysis by Significance Analysis of Microarray (SAM).
We also used a statistical method adapted specifically for analysis of microarray data, SAM (14) . SAM uses pairwise comparisons of gene expression, with each gene's average difference in expression between tissues calculated over the paired differences across matched sets of samples (t i ), standardized by the SD of the paired differences. This result represents an observed average expression difference. An expected difference based on the null hypothesis of no difference is estimated and compared with the observed difference (t i * ). We used a bootstrap-based sampling approach (15) in which average paired differences were estimated under the null hypothesis. Basically, each set's paired difference was translated toward a gene mean paired difference of zero. These translated values then were resampled three times with replacement, and standardized average paired difference was estimated. This process was repeated B times (in our case, B ϭ 50), to produce a null sampling distribution. The observed and expected average differences were plotted against one another.
The main difference between our implementation of SAM and that of Tusher et al. (14) is that we did not assume independence across genes when generating the null sampling distributions. Instead, we allowed each gene its own null distribution by using the replicate samples. This approach to sampling has been used previously in microarray analysis by hierarchical statistical modeling (16) .
Because thousands of hypothesis tests are needed to scan across all genes, the following analysis was used to compare tissues and account for multiple testing. For some threshold value c Ͼ 0, define:
as the number of genes detected to be different for a particular pairwise comparison between two tissues. Also, define average false positive number as:
where (t i,b * ) is estimated by using all but the bth sample. Finally, the false discovery rate (FDR) for threshold c was defined as:
In essence, we aimed to find a threshold value whose FDR is as small as possible, knowing very well that FDR may or may not decrease monotonically as a function of c. Once an optimal threshold value was determined (c*), a SAM plot can be constructed, where observed average differences are plotted against expected ones with a 45°line representing the mean of the null distribution. Error bars that stretch out Ϯ c* can be constructed, and those genes whose observed average difference lies outside these bounds pictorially represent the genes with significantly different average gene expression between tissues of interest.
Results and Discussion
Experimental Strategy. We determined whether gene expression profiles support the existence of three muscle allotypes-limb, masticatory, and EOM. The percentage of genes on the microarrays reported as present in each muscle group was consistently in the 35-38% range (EOM: 37.4 Ϯ 0.6, leg: 35.1 Ϯ 0.4, jaw: 36.0 Ϯ 1.5; mean Ϯ SD), providing a base of Ϸ3,500 expressed genes͞muscle group for evaluation of putative allotype-specific expression patterns. We required that muscle group expression differences be robust to validate a distinct allotype. To this end, we used repeated measures and stringent acceptance criteria. By obtaining each set of EOM͞leg͞jaw muscle samples from 10 mice and restricting muscle group comparisons to within each set, we minimized interanimal variability. In analyses with the Affymetrix algorithm, data were considered valid only when all intermuscle group comparison replicates showed the same qualitative result (increased, decreased, or no change) and the averaged fold difference value was Ն 2.
Overall Muscle Group Gene Expression Profiles. Of the genes evaluated, 123 (Ϸ1% on the array and 2.6% appearing as positive) met criteria for significance for both the EOM vs. leg and EOM vs. jaw muscle comparisons. An additional 39 genes (Ϸ0.4% on the array and 0.9% appearing as positive) met criteria for EOM vs. leg only, and 125 genes (Ϸ1% on the array and 2.7% appearing as positive) showed significant differences for EOM vs. jaw only. A prior differential display reverse transcriptase-PCR study identified considerably fewer differences between EOM and leg (17) . The substantial structural and functional differences between EOM and other skeletal muscles then are based on gene expression differences that are broader than previously appreciated.
The averaged fold difference distributions for muscle group comparisons are shown in Fig. 1 . Similarities in the distributions suggested that EOM was equally different from muscles of somitic (leg) and branchiomeric (jaw) origin. Data did not support jaw as a distinct allotype, as none of the genes surveyed met acceptance criteria in jaw versus leg comparisons. This finding may be a consequence of the similar fiber type composition of mouse masseter and gastrocnemius͞soleus muscles, with type IIB predominance in both. Together, data strongly support the notion that EOM is a distinct allotype, but do not validate a separate jaw allotype. We suggest that the muscles of mastication may be an allotype only in carnivores, which alone express the jaw-specific myosin isoform.
Unique EOM Expression Profile. The second question was can one identify a unique subset of genes that collectively provide a molecular signature of normal EOM? This question was addressed by using a SAM analysis, combining jaw and leg tissue Fig. 1 . Muscle group-specific differences in gene expression identified by using the Affymetrix algorithm. Frequency distribution histogram illustrating distribution of average fold differences for genes expressed in comparisons between EOM, leg, and jaw muscle groups. Only genes consistently reported as increased, decreased, or no change in all intermuscle group comparisons were plotted. Genes not reaching significance fall in the Ϯ 2 bins.
to compare against EOM. This approach was justified on the basis of the similarity of jaw and leg expression patterns with the Affymetrix algorithm. In this situation, a paired analysis is not feasible, so average expressions were calculated across sets, and the difference between averages was used to compare EOM to the jaw-leg pool. A null distribution was estimated by first translating the jaw-leg samples to have the same mean, and then translating the EOM and jaw-leg samples to have a mean of zero. Resampling data with replacement, and then reconstructing t statistics, allowed us to work up the SAM analysis. Genes identified as having an expression pattern characteristic of EOM are represented in a SAM plot (see Fig. 3 , which is published as supporting information on the PNAS web site, www.pnas.org), and the number of genes and associated FDRs at several SAM threshold values are shown in Table 1 . The ability to estimate and manage false positives is the strength of SAM in analysis of microarray data. SAM analysis identified 400 genes with patterns characteristic of EOM at the 0.2 threshold (FDR at this threshold predicts Ͻ two genes are false positives).
Functional Annotation of Differentially Expressed Genes. Functional classes were assigned to all genes with significant differences between muscle groups. The general distribution of genes across functional classes includes a broad range of central importance to muscle biology and is shown in Table 2 . The expression patterns of several genes of special interest are highlighted in Table 3 . The 26 genes with EOM-specific expression patterns as identified by SAM analysis, at thresholds with zero FDRs, are shown in Table 4 , which is published as supporting information on the PNAS web site. Some differences in gene expression were previously identified for EOM versus other skeletal muscles (7, 8) , whereas most had not been described.
Genes Meeting Acceptance Criteria. For a list of all genes meeting acceptance criteria by the Affymetrix algorithm (n ϭ 287) and͞or SAM (at 0.13% FDR, n ϭ 135), see Table 5 , which is published as supporting information on the PNAS web site.
Transcription Factors and Cell
Signaling. Approximately 22% of differentially expressed genes function in transcriptional regulation or cell signaling (Table 2) . Although myogenic regulatory factor cascades are highly conserved, identification of craniofacial muscle group-specific Myf5 enhancers suggested that inductive signals might differ among muscle precursor cell populations (18, 19) . This mechanism could account for differential development and maintenance of the terminally differentiated muscle phenotypes (20) . As muscle group-specific genes, such as the EOM-specific myosin (21, 22) and four uncharacterized EOM expressed sequence tags (17) , are identified, 5Ј untranslated regions may reveal binding sites for one or more of the transcription factors preferentially expressed in EOM.
Several transcription factors with muscle group differences identified by microarray have been previously linked to myogenesis (e.g., Pitx2, Idb2, Zpf97, Myf5, Six2; Tables 3-5). Pitx2 is expressed by embryonic day 8-12.5 in mouse eye, EOM, and skeletal muscle (23) , but its role in myogenesis is unknown. Pitx2 mutations produce the ocular defects in Rieger's syndrome, and knockout mice also exhibit EOM dysgenesis (23) . Adult EOM Pitx2 expression was Ϸ30-fold greater than both limb and jaw and met SAM criteria as part of an EOM-specific expression pattern (Table 3) . Beyond an established developmental role, we suggest that Pitx2 may act in maintenance of the adult EOM phenotype. Pitx2 or other differentially expressed transcription factors may be critical determinants of the EOM phenotype, as unlike other myosins, there is a paucity of typical muscle-specific transcription factor sites upstream of EOM-specific myosin (24) . By contrast, EOM expression of another gene shared in eye and skeletal muscle development, sine-oculus-related homeobox 2 (Six2), was 20-fold less than jaw or leg (Table 3) . Six2, a transcriptional regulator in retina, is expressed in limb muscle precursors and retained in adult tendon (25) . Low or absent Six2 in EOM may relate to the neural crest origins of orbital connective tissues (26) and to differences in gene expression profiles of adult tendon fibroblasts.
Muscle-Specific Proteins and the EOM Phenotype. The absence of significant differences in expression profiles of jaw and hindlimb is consistent with the nearly universal conservation of the three basic skeletal muscle fiber types in mammals. Recent expression profiling of red and white muscles (27) showed only modest differences among the traditional fiber types. There is, however, considerable heterogeneity in striated muscles when the phenotypic range of mammalian cardiac and amphibian͞avian slow fiber types is considered. Prior findings, plus our expression profiles, show that EOM combines traits of fast skeletal, cardiac, and phylogenetically primitive slow-tonic fiber types. EOM is characterized by a wide physiologic operating range; fast, but low force, contractions (28) ; the presence of multiply innervated, nontwitch fiber types (29) ; and expression of nearly all skeletal muscle myosin isoforms (for review, see ref. 8) . Commensurate with its distinct physiology, sarcomeric proteins and excitationcontraction coupling components accounted for 4.5% of the gene profile differences between EOM and other skeletal muscles (Table 2) . By SAM, this gene category was more heavily represented, accounting for Ϸ13% of gene expression differences. Cardiac ␣-actin, cardiac troponin T isoform a3b, and ␣-cardiac myosin heavy chain expression were elevated in EOM, For Affymetrix analysis, the number of genes (n ϭ 287) equals those exhibiting Ն 2-fold change in EOM versus leg or jaw. For SAM analysis, the number of genes (n ϭ 135) represents those differing between EOM and the jaw-leg pool by threshold values Ն 0.4.
as were other heart muscle markers (Tables 3-5 ). The M-line and the myomesin protein (Myom2) are ubiquitous features of mammalian skeletal and cardiac muscle, stabilizing the alignment of myosin filaments in the sarcomere and anchoring other cellular components to this site, including creatine kinase. However, Myom2 expression was low in adult EOM (Table 3) , suggesting the expression of an alternative protein at the EOM M-line.
Key components of skeletal muscle excitation-contraction coupling also were differentially expressed in EOM. Elevated expression of acetylcholine receptor subunits and acetylcholinesterase in EOM (Table 3 ) may relate to high innervation density. Expression of the ␥-subunit of the dihydropyridine receptor (DHPR) was 30-fold less in EOM, despite extensive T-tubules and sarcoplasmic reticulum. The oligomeric DHPR functions as a voltage sensor for excitation-contraction coupling and signals ryanodine receptor calcium channel opening. Deletion of the DHPR ␥-subunit alters calcium current and channel inactivation properties (30) ; low or absent expression of the ␥-subunit suggests that EOM uses an alternative isoform with potentially different kinetics. Likewise, mitsugumin 29 (Mg29), a component of skeletal muscle triads, was reduced in EOM (Table 3) . Although EOM expresses the known skeletal muscle SERCA1 and SERCA2 isoforms (31, 32) , SERCA1B (a neonatal isoform) and alternative isoforms of ryanodine receptor not represented on the Affymetrix array have been reported in fish EOM (33, 34) . We did observe a higher level of the sarcoplasmic reticulum calcium binding proteins, calsequestrin and cardiac calsequestrin, in EOM (Table 3) . Collectively, these findings show that EOM exhibits diversity at the level of the triad and sarcoplasmic reticulum. This, plus evidence that force-pCa curves in EOM differ from other skeletal muscle (35) , suggests that it may diverge from established skeletal muscle excitation-contraction coupling mechanisms.
EOM Gene Profile and Neuromuscular Disease. Alternative constitutive proteins or adaptive mechanisms unique to the EOM phenotype may be responsible for the known sparing of this muscle group in several neuromuscular diseases. Prior studies described a potentially compensatory increase in EOM utrophin expression in dystrophin deficiency (10, 36), but we observed no constitutive differences between normal adult EOM and other skeletal muscles in expression of dystrophin-glycoprotein complex components. Biglycan (Bgn), an extracellular matrix chondroitin sulfate proteoglycan, binds to the muscle transmembrane dystrophin-glycoprotein complex and is elevated in the dystrophin-deficient mdx mouse (37). Thus, constitutively high Bgn expression in EOM (Table 3 ) might contribute toward EOM sparing in muscular dystrophy. Two proteins linked to limbgirdle muscular dystrophy, calpain 3 and caveolin-3, were expressed at lower levels in EOM. Finally, EOM expressed higher levels of Siat8d (Table 3) , a marker of muscle development or degeneration͞regeneration. EOM expression of Siat8d may relate to the retention of the developmental pattern of muscle polysialyated NCAM on some EOM fiber types (38) .
Intermediary Metabolism. The EOM phenotype also was characterized by substantial differences in expression of intermediary metabolism genes, accounting for 11.6% of muscle group differences. A group of genes encoding proteins involved in glucose metabolism, particularly enzymes and regulators associated with glycogenolysis and gluconeogenesis, were expressed at lower levels in EOM (see Table 5 ). Because glycogen represents a major energy source for skeletal muscle, we more closely examined genes associated with carbohydrate metabolism by mapping expression data onto key metabolic pathways (Fig. 2) .
In EOM, several glycolytic enzymes were expressed at levels higher than other skeletal muscles ( Fig. 2; see Table 5 ). By contrast, key regulators of glycogen metabolism (several phosphorylase kinases) were expressed at low levels in EOM. No muscle group differences in citrate cycle enzymes were detected. Our data suggest that EOM generation of glucose by gluconeogenesis or glycogen breakdown is considerably reduced relative to other skeletal muscles, and that EOM instead relies on glucose obtained directly from an extensive microvascular network in these muscles. These data are supported by findings that glycogen content in EOM is very low and that the typical association between fast-fatigable fibers (type IIB) and high glycogen content is not seen in these muscles (7) . Together, the lack of reliance on glycogen by a highly active muscle like EOM stands in contrast to other skeletal muscles.
Immune Response. A number of genes associated with the immune response were differentially expressed in EOM (4.9% of muscle group expression differences), with particular differences in both classical and alternative complement-mediated immune response pathways (Tables 3 and 4 ). In the classical pathway, Cd59a, an inhibitor of complement deposition on the cell surface, was expressed at higher levels in EOM (Table 3) . By contrast, EOM expression for both of the known decay accelerating factors (Daf1and Daf2), complement regulatory proteins that inhibit the central C3 amplification convertases of the classical complement cascade, was substantially lower than other skeletal muscles (Table 3) . EOM expressed higher levels of negative regulators of the alternative pathway of complement activation, Cfh and complement factor H-related protein. Complement system activation by both classical and alternative pathways has been implicated in muscle disease (39 -41) . Whether this specific expression pattern of complement system regulators relates to the greater sensitivity of EOM to autoimmune disorders like myasthenia gravis and Graves' disease is unknown.
Overview and Conclusions. The diversity that typifies mammalian skeletal muscle provides for fibers with task-specific contractile properties, while maintaining peak energy efficiency. Skeletal muscle fiber type classification schemes have proven durable because they are based on patterned variations in basic features responsible for contraction and energy metabolism. Most skeletal muscles execute limited functional repertoires and achieve role specificity by simple differences in proportions of the traditional fiber types. DNA microarray has previously identified gene expression differences between red (soleus) and white (quadriceps) skeletal muscles (27) . Here, we show that leg and jaw muscles comprised of similar fiber type proportions exhibit no differences in gene expression, an expected finding if fiber types are conserved.
In contrast to traditional skeletal muscles, EOM operates through a wide dynamic range in serving five distinct eye movement classes. Demands placed on EOM then require utilization of a wider range of options for muscle biology. Our study represents an attempt to understand, on a genomic scale, Fig. 2 . Muscle group differences in carbohydrate metabolism. Alterations in expression patterns of genes known to participate in glycolysis, gluconeogenesis, glycogen synthesis and catabolism, and glycerol metabolism were mapped onto metabolic pathways. GLUT4, solute carrier family 2 (facilitated glucose transporter), member 4; GLUT1, solute carrier family 2 (facilitated glucose transporter), member 1; G6pt1, glucose-6-phosphatase, transport protein 1; PGM, phosphoglucomutase; Gly Syn, glycogen synthase; Gly Phos, glycogen phosphorylase; Phak1, Phosphorylase kinase alpha 1; Phkb, phosphorylase kinase ␤; Phkg, phosphorylase kinase gamma; Calm, calmodulin; glu 6-P isomerase, glucose 6-phosphate isomerase; Pkffb, 6-phosphofructo-2-kinase͞fructose-2,6-bisphosphatase; fru 2,6-P, fructose 2,6-bisphospate; glyceraldehyde 3-P DH, glyceraldehyde 3-phosphate dehydrogenase; glycerol 3-P DH, glycerol 3-phosphate dehydrogenase; TPI, triose phosphate isomerase; PK, pyruvate kinase; LDH (B), lactic dehydrogenase, type B; pyrl Cxl, pyruvate carboxylase; pep CK, phosphoenolpyruvate carboxykinase; fruc 6-Pase, fructose 6-phosphotase.
the expression profiles that underlie the broad skeletal muscle classes or allotypes. We show that EOM is a fundamentally distinct skeletal muscle class or allotype, with its own unique gene expression signature. Jaw and leg belong to a separate allotype. Because we have used a conservative approach likely to underestimate muscle diversity, our gene profile is restricted to an estimated 25-35% of the mouse genome, and our data include a moderate percentage of unknown͞uncharacterized genes or expressed sequence tags (Ϸ35%), these data represent a conservative estimate of the divergence of EOM from other skeletal musculature.
